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The Solar Rotation
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Latitudina shea in the envelope but little in theinterior
Verticd shea nea the top and bdtom of the convedion zone
Angudar velocity increasing ouward (with slow poles!)
Smocth and Stealy

Where does the Differential Rotation come from?

Asaume Lorentz forces and viscous disspation are negligible:

dp _
E_FV.('DV) =0
ov
e =—p(v-V)v—-VP+pVP+2pvx

Average the zonal comporent over longtude and time
(Asume astatigticdly stealy state) £ = rsind (Qr sin® 4 (%))

V.-F=0

F.={pv)L + 'rsin9< (pur — (pop)) (Ve — (vs)) >

Fy = (pug) L + 'fsin9< (pvp — {pue}) (Vs — (vs)) >
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Where does the Diff erential Rotation come from?

* Reyndds gressesvs Meridional Circulation
e Meridiona Circulation contribution can aso be written as;

V-((pvam) L) = {pvm) VL

Streamlines = anguar momentum contours!
Not like the Sun!

* Reynadds dresss (no mystery here!)

Rotation induces systematic velocity
correlations in the convection!

What Else Influences the Rotation Profile?

p%—: =—p(v-V)v—-VP+pVP+2pvx

Take the curl, average over longitude and time (assume steady state)
VpxVP
VX (vX (2Q + w)) = <”T>

Now make the following approxi mations:

Wrms P/
= = P =z~ —pgf
R, 50 €1 S§=Cpln ( p ) \v4 pgr
And you come up with: Qv _ g 08
Thermal Wind Wo) = 3265 <ae
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Modding Strateqgy = Brute Forcel

» 3D, Nonlinea, Anelastic fluid equations
+ biggest computers we can find
= highresolution, low disgpation = turbulence

» Shave off granulation layer and deeo interior for
pradicd reasons

* Investigate turbulent transport
— Reyndds Stresses
— Heda Flux

The Anelastic Sphericd Harmonic Code

» Anelastic Approximation:
V.(pv)=10

— VP +pg+2j(vxQ) — VD — [vﬁ _ ﬁg]

AT = (s + S) - V. [@TV(S +8) + ke pCpV (T + T)] + 0

» Pseudospectral: spherical harmonics and stacked
Chebyshevs (or compad FD)

« Poloidal/Toroidd: #v = VXV x (W#) + Vx (Z#)

o Adams-Bashforth/Crank-Nichol son
e FORTRAN 90/MPI
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Dee (Shell) Questions

heli osel

like?

Can we reproduce the mean flows inferred from

smology?

What shoud we exped the fluctuating flows to be

What structures dominate the transport?
How long dothey live?

Can we deted them?

How important are the boundxry layers?

How are they influenced by rotation, stratification,
magnetic field, ionizaion, etc

How can all this mess produceacyclic, large-scde
magnetic field?

mid-

* 30%

Differential Rotation

ThreeChall enges from heliosei smology

* Nealy radia angular velocity contours at

latitudes (not cylindricd)

* Monotonic deaease in angular velocity
from equator to pde (no pdar spin-up)

contrast from equator-to-pole
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are decreased

rotation

Rogue'sGdlery | 4
(Brun& Toomre2002 |

Complexity increases as
the viscosity and diffusvity

Flows evolve ontimescales
of daysand weeks

Patterns propagate and are
advected by the differential

The more turbulent
simulations are dominated
by intermittent downflow
plumes and lanes

Brun & Toomre
(2002)

Case AB
R, = 3.4x10%
R.=85
P,=21
R,=0.16

CaseD
R, = 6.5x10°
R.,= 410
P,=103
R,=0.16

Zoral Cylindrical Therma Wind  Residual
velocity Gradient Component
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Kee the thermal diffusivity constant as you
deaease the viscosity or you'll lose your

differentia rotation!
(Brun & Toomre 2002
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Summary of Deg Shell Results

» Approaching consistency with helioseismic data:
definite improvement over the pioneeaing (laminar)
simulations of Gilman and Glatzmaier

* Themost turbulent cases generally dont give the best
agreement with heli oseismic inversions

* Thermal wind (dS/dtheta) important but not the whole
story

* Flows are dominated by strongdownflow lanes and
plumes which exhibit substantial variation on
timescaes of weeks and even days

o Still nat in the low-disgpation limit: results are
sensitive to Reynalds and Prandtl numbers
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The Upper Shear Layer

* Why dcestheradial anguar velocity gradient
beaome negative?

» What happens with the meridional circulation?
* What role do supergranules play?
» What other scades of motion are present?

* How dothe mnwvedive patterns evolve over time
and hav might they be deteded?

» How does this layer coude to the degy convedion
zone?

 Isthiswhere pdoidal field regeneration accurs?
(the “dpha-effed”)

Derosa, Toomre & Gilman (2002

Case D2: Radial Velocity

TOP (r=0.979 Fi]

r‘adial'\ebc'rty [ms'] radial v bocity [m '] r;adial welocity [m 5]
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DeRosa, Toomre,
& Gilman
(2002

QuickTime™ and a
Video decompressor
are needed to see this picture.

Solar-like
differential
rotation
imposed
onthe
inner
boundry

with a
dressfree
top
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Radia DeRosa, Toomre & Gilman (2002)

Angular Velocity
Profiles

Red:
uniformly rotating
Inner boundary
Blue:
Differentialy Rotating
Inner boundary

= Negativeradia
gradient but smaller
than what you d exped
from anguar
momentum
conservation

Summary of results from the
upper shear layer

 First global simulationsto resolve
super-granular scale motions

» Larger-scde (100-200 Mm) cells al so present
which advect and distort “ supergranules’

» How structure dominated at the top by a
rapidly evolving network of downflow lanes
and at greater depths by intermittent plumes

* Negative radia angular velocity gradients
maintained through an inward angular
momentum flux by Reynolds stresses
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Tadhocline Questions

* Why isit so thin?
 |Isturbulence generated by either shea instabiliti es or
penetrative convedion?

e If so, how does this turbulencefead badk on the
mean rotation grofile?

* What is the dynamicd importance of the magnetic
field?

» Canwe acoourt for the inferred temporal variations?

* How does the tadchocline coupe to the mnvedion
zone?

* What role does it play in the solar dynamo?

The Solar Tadhocline

» Stably stratified, rapidly rotating
— Rosdy modes (verticd vorticity)
— Gravity modes (horizontal divergence)
 Differential rotation is maintained primarily by
stresses from the overlying convective
envelope.

» Why doesn’t the diff erential rotation spread to
the interior?

— Does turbulence in the tachocline wipe out

Y Edhedagitudmash gradi em? Gough& Mclintyre 1998
Kitchatinov& Rudiger 1996
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ASH Tachocline Model (Boussinesg, Thin-Shell)
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Decaying Turbulence

What happens if we put in a spectrum of random
velocity fluctuations and let it go?

Consider both vortex modes (Rossby waves) and
horizontally divergent modes (gravity waves)
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Vertica Vorticity

Unforced, random vortex initial conditions

Non-Rotating

QuickTime™ and a
GIF decompressor
are needed to see this picture.

Vertica Vorticity

Unforced, random vortex initial conditions

Rapidly Rotating (R, = 0.1)

QuickTime™ and a
GIF decompressor
are needed to see this picture.
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Horizontal Divergence
Unforced, random wave initia conditions

Rapidly Rotating (R, = 0.1)

QuickTime™ and a
GIF decompressor
are needed to see this picture.

Randamly-Forced Smulations

What happens when you stir things up with
random, high-wavenumber external forcing?
(intended to represent penetrative convedion)

Consider forcing either the Rosdy wave or the
gravity wave comporent of the flow
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Vertica Vorticity
Randam vortex forcing 1=10-12

QuickTime™ and a
Video decompressor
are needed to see this picture.

Vertica Vorticity
Randam vortex forcing [I=30-35

QuickTime™ and a
Video decompressor
are needed to see this picture.
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Average Energy Spectra

Vortex Forcing

[=30-35

1 10 100
spherical harmenic wavenumber (f) spherical harmonic wavenumber {f)

How would this turbulence interact with a
background shear flow?

=50 0 50
latitude

» Continue the randamly-forced smulations but now introduce a
zonal shea flow

* Maintain this $ea flow against viscous disgpation byaso
introducing a stealy, axisymmetric forcing term to the verticd
vorticity equation

* Theimposed dfferentid rotationis primarily latitudinal but the
verticd shea isadualy abit larger due to the thin-shell
geometry

» Shea flow kinetic energy comparable to turbulent kinetic energy

 Initialy in hydrostatic and geostrophic balance (thermal wind)

Dr. Marck Miesch, HAO/NCAR



Differential Rotation in the Sun (ITP Solar Magnetism Program 3/06/02)

Evolution of Differential Rotation
Kinetic Energy

Vorticity Forcing Divergence Forcing

1=30-35 forcing

=> Differential rotation is reduced by the turbulence
=>» Reduction is most efficient for the larger-scale forcing

Evolution
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Summary of Tadhocline Results

» Strong couding ketween Rossby and gavity wave
comporents when the rotation is grongwith
equatorward-propagating wave modes

* Nonlinea interadions exhibit both upscde and
downscde transfer and the upscde transfer is most
efficient when the rotation and stratification are
strong

» Randamly forced simulations with impaosed shea
produce anguar momentum transport which is:

Down-gradient (diffusive) in latitude and
Courter-gradient (antidiffusive) in radius

Conclusion

* Where do we stand?
— Simulations are beginning to look more realistic
— Helioseismic comparisons are promising kut questions
remain
— Tadhocline simulations are still i n preliminary stages
» Where do we go from here?

— Still searching for more highly turbulent cases which
produce mean flows like the Sun
— Couping ketween the bulk of the mnwvedion zone, the
upper shea layer, and the tadhocli ne requires much
more investigation
— What role does ead play in the solar dynamo?
» MHD shea instabiliti es in the tachocline
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